A pressure-based computational fluid dynamics (CFD) 
Introduction
Annular seals have a pronounced effect on the rotordynamic response and stability of modern high performance turbomachinery. Accurate prediction of their dynamic forces and leakage is fundamental in producing robust and efficient designs with minimal risk to vibration problems. Eccentric, whirling grooved seals are especially challenging due to the complex geometry, large pressure and velocity gradients, high turbulence intensity, and large recirculations present in the flow field, all of which are inherently unsteady.
Traditional approaches to model the dynamic forces in annular seals have employed bulk-flow principles where the fluid is assumed to move as a rigid body acted upon by pressure driving forces and shear stress resistance at the walls (see Black, 1969, and Childs, 1983) . Empirical shear stress relationships based on fully developed, turbulent pipe flow are used including Hirs and Moody friction factor relationships. This approach yields good results for plain annular seals but poor predictions when recirculations are present in the flow field. To improve the models, multiple control volume techniques are used that divide the geometry of the seal and their associated dominant flow behavior into different control volumes, which are then linked by appropriate boundary conditions. These models are efficient and perform well given proper interface boundary conditions, but a priori knowledge of these parameters is not always known. Furthermore, these interface conditions change for different seal operating conditions. Therefore, a technique that requires little empirical input is desired. This study utilizes CFD to solve for the turbulent flow field inside annular seals. While the CFD approach represents orders of magnitude increase in computational effort, most problems can be solved on modern workstations in reasonable periods of time (overnight).
Literature Review
One of the first numerical CFD comparisons to experiment for grooved annular seals was made by Rhode et al. (1986) , who compared their prediction with the one-dimensional LDA measurements of Stoff (1980) for swirl velocity and the measured pressure distributions of Morrison et al. (1983) . Experimental data was limited to one plane per groove cavity and did not allow a thorough comparison to be made. Demko et al. (1988) compared numerical prediction with experimental hotfilm measurements in a grooved liquid annular seal. Two-dimensional hot-film measurements of axial and tangential velocity were made at three axial planes in the cavity and one plane either side in the seal land. The results showed reasonable correlation of mean velocity both in the through flow jet and in the recirculation zone (in cavity). A high Taylor number to Reynolds number ratio was shown to deflect the through flow jet due to the centrifugal force effects of the swirl.
To better measure the complex flow field in annular seals, Morrison and his colleagues performed three-dimensional laser Doppler anemometer (LDA) measurements of both plain annular (Morrison et al, 1991b) and grooved (Morrison et al., 1991a) seals. Athavale et al., (1996) compared the numerical prediction of SCISEAL with the LDA measurements for the whirling, plain annular seal operating at five axial locations in the seal. Both the standard K-E (with wall function) and the low Reynolds number turbulence model were used and yielded similar results, with the latter predicting higher swirl velocity. Overall the code did a good job predicting the velocity field for this plain annular seal. A more recent study by Arghir and Frene (1997a) compared a linearized, small perturbation analysis to the whirling annular seal measurements. Although the 50 percent whirl is at the traditional limit of the linearized theory, the results showed good qualitative agreement with experiment for both the measured pressure field and wall shear stress. Morrison and Robic (1997) ' made similar grooved seal comparisons to LDA as the present study using a commercial CFD code.
For rotordynamic calculations, three control volume techniques using a single vortex in the cavity with empirical shear stress boundary conditions at the interface were presented by Florjancic (1990) and further refined by Marquette and Childs (1995) . Again, these techniques are efficient and accurate if ' 'tuned'' for a specific set of operating conditions using empirical data. However, as the operating conditions and geometry differ, typically so does the resulting predictions.
Others have utilized the rapidly maturing computational fluid dynamic analysis for modeling annular seals including Dietzen and Nordman (1986) , Rhode et al. (1992) , and Arghir and Frene (1997b) . All of these authors employ a coordinate transformation from the 3D eccentric domain into a 2D axisymmetric one. These techniques require a zeroth-order solution and firstorder calculations at the different whirl frequency ratios. The procedure is efficient but the coordinate transformation is only valid for constant radius seal geometries, and most analyses ignore the variation of turbulence quantities around the circumference. Furthermore, only axisymmetric seal geometries may be modeled, preventing the modeling of swirl brakes for example. The CFD code SCISEAL used in this study utilizes a 3D whirling method developed by Athavale et al. (1994) . This approach is more computationally intensive but is more general in the class of problems that may be solved.
CFD Code Description
The CFD code SCISEAL is utilized in this study and was developed by CFD Research Corporation under a grant from NASA Lewis Research Center. The code solves the 3D Reynolds averaged Navier-Stokes Equations (Eq. (1)) for both rotating and stationary frames of reference, using body fitted, structured grids of multi-domains.
Both compressible and incompressible flow fields may be modeled using the latest turbulence models (standard k-e, low Reynolds no. k-e, and two-layer k-e). The turbulent Reynolds stresses are approximated using the Boussinesq eddy viscosity principle given in Eq. (2)
The turbulent, or eddy, viscosity is related to the turbulent kinetic energy (K) and the dissipation rate (e) by:
where the turbulent kinetic energy is defined as: 
A modification to the standard K-e turbulence model, named the two-layer model, is employed in this study, which models the turbulence diffusion near the wall (inner layer) using an algebraic expression, while the turbulence kinetic energy equation is applied in both the inner and outer layers. This model relaxes the requirement of maintaining the node nearest the wall inside the logarithmic boundary layer (i.e., >' "^ > 11.5), allowing more nodes to be placed in the tight seal land sections (Avva and Athavale, 1995) . Due to the large clearance to radius ratio in the LDA study (cl/R = 0.015), j* values are all in the logarithmic region. Therefore, the standard and two-layer K-e turbulence models yield essentially identical results. The rotordynamic force study, however, benefits from the two layer model due to the relatively small clearance (cl/R = 0.003).
The low Reynolds number turbulence model is also used in the LDA study and is described in detail by Chien (1982) . Damping functions are added to the K and e transport equations allowing integration of the momentum equations all the way to the wall. In order to model the sharp boundary layer, nodes are Table 2 Mesh density for rotordynamic study clustered near all surfaces with the first node inside the laminar sub-layer (y^ < 5).
Solution Technique for Rotordynamic Forces
The whirhng, unsteady problem is transformed into a steady one by solving the three-dimensional, eccentric seal flow field in the rotating frame of reference attached to the whirling rotor. In this rotating frame, the stator wall moves in the opposite direction, while the rotor surface moves with, against, or not at all relative to the whirling journal, depending on the whirl frequency ratio (WFR), defined as the ratio of rotor whirl to rotor spin. Quasi-steady solutions are obtained at each WFR. A WFR equal to unity is termed synchronous whirl, where the rotor is whirling at the same frequency it rotates. A WFR of zero indicates a static displacement of the rotor, which then simply spins.
A three-dimensional body-fitted mesh is generated to model the seal. The choice of eccentricity is arbitrary but is typically kept near ten percent of the seal clearance to capture the linear, small motion characteristics of the seal. Larger eccentricities are possible and may be utilized to predict non-linear characteristics of the whirling seals.
A solution is obtained at multiple WFR values typically ranging from 0.0 to 1.5. Integration of the resulting pressure forces at each WFR yields forces normal and transverse to the eccentric displacement. These forces may be normalized by the eccentricity displacement yielding the impedance both normal and transverse to the rotor displacement. A comparison of these impedance forces to a linear, second order model is shown in Eqs. (9) and (10). Each of the above equations represent one equation and three unknowns. The force coefficients are evaluated by determining the impedance force at multiple values of uj. A minimum of three is required. For improved accuracy over a wide range of whirl frequencies, more than three are calculated (typically six), and a curve-fit to the linear, second-order model is performed. The coefficients of the curve-fit yield the seal's stiffness, damping, and mass force coefficients {K, k, C,c,M,m) .
The code's generality allows modeling of all variety of seal types including plain annular, labyrinth, grooved, stepped, and even geometries of varying radius (i.e., impeller shrouds, etc.).
To model the sudden loss of pressure (AP) due to the abrupt change in cross-section entering the seal, an inlet loss factor is assumed. The pressure drop is calculated by:
Typical values of ^ range from 0.1 to 0.7 (Athavale et al., 1994) . Morrison et al. (1991a) utilize a 3-D laser anemometer system capable of measuring all three instantaneous velocity components simultaneously. Statistical analysis of repeated samples at a given position yields the mean and fluctuating velocity components, time averaged Reynolds stress tensor, and mean and turbulent kinetic energy. For a complete description of the experimental setup, see Morrison et al. (1991a) . The 8-tooth, teeth on rotor, grooved seal has a clearance of 1.27 mm, a tooth width of 1.524 mm, a square cavity of 3.048 mm on a side, and a diameter of 164.1 mm. The seal spins at 3600 rpm with a leakage rate of 4.86 1/s. The Reynolds (Re) and Taylor (Ta) numbers are 24,000 and 6600, respectively. Marquette (1995) measured rotordynamic forces in a high pressure, seven-groove liquid annular seal using the High Speed Seal Test Rig at Texas A & M University. This seal was tested with water at speeds up to 24,600 rpm and pressure drops over 6 MPa (900 psid). The shaft has a radius of 38.15 mm (1.5 in.), clearance of 0.11 mm (4.3 mils), and a length to diameter ratio of 0.457. The seven equally spaced stator grooves (teeth on stator) have dimensions 1.587 mm deep by 3.175 mm wide.
Experimental Technique and Seal Geometry

Computational Grids Used in Study
The computational solution utilizes a body fitted formulation approach with Cartesian velocity components to retain a 308 / Vol. 121, APRIL 1999 The seal domain lends itself to a primarily orthogonal, multiblock grid but is body-fitted (nonorthogonal) about the circumference (for 3D analysis). The LDA comparison utilizes four different axisymmetric grid densities (Fig. 1) while the rotordynamic study employs five 3D grids, striving for a grid independent solution. The grids used are summarized in Tables 1 and 2 . known not to be isotropic. However, the eddy viscosity, important for good mean flow calculation, is a function of the turbulent kinetic energy squared divided by the dissipation according to Eq. (3).
To provide quantitative comparisons of the different grid densities and turbulence models, velocity profiles at sections in the cavities are compared with experiment. Figure 6 plots the axial velocity profiles at the center of the cavity. The
Comparison to 3D LDA Measurements A uniform inlet velocity profile is assumed equal to the measured mean axial velocity of 7.4 m/s. For this study, only the "zero" preswirl case is considered and actually contains a measured preswirl of 0.03 times the rotor surface velocity at the tip of the seal teeth (W,).
The computed mean axial velocity ([/) contours using the fine-1 grid for the fifth cavity are compared to the experimental plots in Fig. 3 . The computed velocity vectors are also given. The plots contain identical scales and are normalized with the average axial velocity (U = 7.4 m/s). The results show good qualitative agreement in both the through flow jet and in the recirculation zone. The radial velocity (V) contours, given in Fig. 4 , highlight the recirculation zone in the cavity. The computation has similar shape but slightly under-predicts the peak magnitude. Again, the velocity is normalized by the average axial velocity. The swirl velocity (W) contours are given in Fig. 5 and illustrate the Couette nature of the flow through the viscous dragging of the rotating journal. The CFD computation demonstrates good correlation in the through flow jet but slightly under-predicts the swirl inside the cavity. Only the fine-1 grid results are shown since further refinement changes the contours only slightly.
The K-e turbulence model greatly under-predicts the turbulence intensity in the shear layer. This fact is not surprising considering the isotropic assumption built into the K-e turbulence model, and turbulent flow fields in shear layers are well ordinate represents the radial position (Y) nondimensionalized with the clearance (cl), while the abscissa is the nondimensional axial velocity. The through flow jet, shear layer, and recirculation are clearly evident in this plot. With the exception of the coarse grid, the predicted velocity profiles using the fine-1 and fine-2 grid, as well as the low Reynolds number turbulence model, are essentially identical, indicating a grid independent solution. The CFD computation predicts a steeper boundary layer near that stator (top) wall but yields essentially identical peak velocities as the experiment. The shear stress in the shear layer appears to be under-predicted and causes the recirculation strength in the cavity to be lower than experiment. The wall function used in the standard K-E turbulence model does not appear to be detrimental, for the low Reynolds number K-e model, which uses no wall functions, shows no advantage for the axial velocities but at significantly more Figure 7 gives the circumferential swirl velocity profiles at the same sections in the center of cavities three and seven. The shape of the velocity profiles through the shear layer for all models except the coarse grid closely matches the experiment, indicating the circumferential shear stress in the shear layer is closely predicted. All models yield identical profiles near the stator wall and through the jet. The differences are most evident in the cavity where the swirl prediction improves as the grid is refined and is the closest to experiment using the low Reynolds turbulence model (7th cavity). Accurate prediction of swirl velocity is fundamental for good rotordynamic stability assessment of annular seals. However, the low Reynolds number model offers only a modest improvement in swirl prediction over the standard K-B model with wall functions.
Comparison to Rotordynamic Measurements
The first approach is to model seal geometry and use ' 'typical' ' boundary conditions at the inlet for the pressure loss factor (C, = 0.1) and the inlet swirl rado (Wra, = 0.45) and perform a mesh density study. These inlet parameters were not measured and must be assumed. Figure 8 shows the velocity vectors on an end view of the seal with an exaggerated seal clearance for clarity. The Couette nature of the flow due to the clockwise (Fig. 9 ) predicted using the medium grid and show a shallow, but positive, divergence angle of the through flow jet.
The circumferential variation of pressure, displayed using the exaggerated mesh, shows the effect of whirl frequency ratio in Figs. 10 and 11. Figure 10 shows a harmonic distribution of pressure varying from low (dark) to high (light) while proceeding clockwise from the top. This statically eccentric seal (WFR = 0.0) shows similar characteristics as a plain journal bearing and creates a pressure field that both opposes displacement and pushes the rotor in the direction of whirl, creating positive direct and cross-coupled stiffness coefficients (K and k). This crosssection was taken in the first seal groove and changes somewhat through the length of the seal. At higher whirl frequency ratios (WFR = 1.5), a nearly opposite pressure field emerges creating forces in the direction of displacement yet opposing forward whirl as shown in Fig. 11 . This effect will become clear in the impedance force plots. Although ignored by some seal analysis techniques, SCISEAL predicts a circumferentially varying turbulent kinetic energy (TKE) for the whirling seal as shown in Fig. 12 .
The predicted impedance forces from six whirl frequency ratios (0.0, 0.25, 0.5, 0.75, 1.0, and 1.5) are used to calculate the force coefficients by curve-fitting the results to a secondorder polynomial. A sample plot of impedance versus whirl speed (medium grid) shows a nice curve fit by the second order functions as shown in Fig. 13 .
Effect of Mesh Density.
A mesh density study is performed by comparing the stiffness and leakage predictions for the five different grids, as shown in Table 3 and graphically in Fig. 14. The cross-coupled stiffness shows strong sensitivity to the number of nodes used across the seal land comparing the medium and fine grid-1, then changes little with further refinement. This study shows that a mesh density at least equal to the fine grid-1 is required for reasonable cross-coupled stiffness prediction. It now over-predicts the experimental value using the assumed inlet boundary conditions (^ and W,",). While one additional refinement of the grid would have fully verified mesh independence, however, a limit was reached on the available computing platform. Good leakage prediction is accomplished with even the coarsest grid Table 4 shows the damping and inertial coefficients to be less sensitive to mesh density (only values up to the medium grid are computed).
Upstream CFD Analysis. Since the prediction of crosscoupled stiffness is a strong function of the inlet swirl ratio iW,",), an upstream, axisymmetric (2D) calculation is performed in order to better quantify the flow conditions entering the seal. The upstream geometry was obtained and coupled to a 2-D model of the grooved seal. The grid is refined near the seal entrance where large velocity and pressure gradients exist as shown in Fig. 15 . To simulate the radial inlet supply to this upstream cavity in the experimental rig, the radial velocity is assumed to be equal to the axial velocity and is directed inwards (y = -U). The tangential swirl velocity in this inlet region is accelerated by the Couette action of the rotor and steadily increases as the flow approaches the first seal land. The static pressure distribution along the seal axis in both the upstream section and the first seal land is plotted in Fig. 16 . Some of the pressure drop is due to the increase in velocity while the remainder is due to inertial and viscous total pressure losses. Using the inlet pressure drop (AP) and mean axial velocity, the inlet loss factor is calculated from the CFD prediction.
The values for inlet loss factor and swirl ratio are summarized in Table 5 . Notice how the tangential swirl velocity (W"") is Table 7 Force coefficients, flne-1 grid 24,600 rpm, 4.14 MPa, Wra, = 0.36, i = 0.70 Table 6 Force coefficients, fine-1 grid 10,200 rpm, 4.14 MPa, iy", = 0.28, ^ = 0.63 higher for the higher speed case even though the rotor surface velocity is used in normalization. The inlet loss is higher than previously assumed, but in line with other values in the literature (Athavale et al., 1994) . Furthermore, the averaged values for K and e were obtained from the 2-D analysis and used in the 3-D calculations as well. These values are used with the full 3-D fine grid-1 mesh without the upstream region. Table 6 compares the predicted force coefficients and leakage with the experimental results as well as the 3-control volume (3-CV) prediction of Marquette (1995) for a speed of 10,200 rpm and a pressure drop of 4.14 MPa (600 psid). The experiment measures essentially no direct stiffness and a positive cross-coupled stiffness. The CFD analysis offers improved stiffness prediction over the 3-CV results. Direct and cross-coupled damping, however, is under-predicted by the CFD analysis as is the inertia. The whirl frequency ratio (at neutral stability), which is a measure of the stability of the seal, shows reasonable agreement between CFD and experiment. CFD under-predicts the leakage rate by about 17 percent. The 3-CV analysis contains many "knobs" which may be adjusted (i.e., jet divergence angle and shear stress parameters) to match the experimental leakage. Marquette (1995) used a negative jet divergence angle, selected by leakage comparison, indicating the vortex deflects the jet. The opposite is predicted by CFD as shown in Fig. 9 .
The inlet swirl appears to be under predicted as indicated by the cross-coupled stiffness. The damping prediction has improved. The leakage is slightly less. The larger ^ only increases the direct stiffness slightly, since the grooves help equalize circumferential pressure distributions.
To evaluate the effect of rotor speed and pressure, the force coefficients are evaluated at 24,600 rpm and 6.20 MPa (900 psi) as shown in Table 7 . The results under-predict the direct stiffness and show similar under-prediction of cross-coupled stiffness as before, but again much improved over the results of Marquette (1995) . The leakage is under-predicted by about 20 percent.
The reason for CFD's under-prediction of the damping and inertia terms is unclear. To better understand how the raw impedance data compares, the experimental impedance forces were transformed from Cartesian to polar coordinates for the concentric case and compared to the CFD results. The radial impedance curves are given in Fig. 17 and the tangential impedance in Fig. 18 . The large experimental direct inertia (M), which creates the upward curvature of F", causes the two curves to deviate above a WFR of one. An excitation range from 40 to 250 Hz was used to obtain the experimental data. Therefore, the experimental stiffness coefficients are the result of an extrapolation of the experimental curve-fit. These impedance plots (Figs. 17 and 18 ) explain in part some of the discrepancy in the force coefficients and offer a superior means of comparing computed results with experiment. Both charts show better agreement than indicated by the force coefficients in the subsynchronous WFR range up to 0.75. In performing a rotordynamic stability analysis, this region is of primary importance.
Conclusion
A computational fluid dynamics code that employs the K-e turbulence model is compared against 3-D laser Doppler anemometer measurements for both mean velocity and turbulence prediction of a grooved liquid annular seal. Good qualitative agreement for all three velocity components is observed. While the K-e model under-predicts the turbulence intensity in the shear-layer, the calculated eddy-viscosity closely captures the mean velocity profiles. A grid refined to at least the fine-1 grid is required for mesh independence; however, reasonable prediction is possible with even the coarsest grid. The wall functions used with the standard K-B model yield good wall shear stress prediction even for this recirculating flow field. The low Reynolds number turbulence model offers no advantage in axial velocity prediction with only a slight improvement for circumferential swirl.
CFD data are also compared to test data for a high speed, high pressure grooved liquid annular seal. The calculated crosscoupled stiffness is a strong function of the inlet tangential swirl. In the absence of experimental data, an axisymmetric analysis provides an efficient means of obtaining the inlet boundary conditions used in the 3D analysis. However, the swirl entering the seal appears still to be under predicted. The k-e turbulence model struggles with swirling type flows and is one of the sources of error. Comparisons of the raw impedance curves show good agreement between CFD and experiment in the subsynchronous region (WFR < 0.75). The CFD approach demonstrates superior capabiUty in predicting the stiffness and stability of the seal over bulk-flow techniques but at greater computational cost.
